Abstract Copolymerization of ethylene with norbornene (E/NB) and ethylene with 1-octene (E/Oct) is performed using supported ionic liquid (SIL) systems, in which metallocene (Cp 2 VCl 2 ) or post-metallocene [VCl 2 (salenCl 2 )] vanadium catalysts are immobilized in pyridinium chloroaluminate ionic liquid supported on silica. The studied SIL catalysts show higher activities as well as stability than their nonsupported analogues. In addition, higher activities and better comonomer incorporation are observed for norbornene (above 30 mol%). The comonomer incorporation has considerable influence on copolymer molecular weight (M w ), melting temperature, crystallinity degree, and microstructure of the copolymers. Molecularweight distribution is relatively narrow (1.5 B M w /M n B 3.0), which indicates the presence of single-site catalyst systems.
Introduction
Norbornene is the most often applied cyclic olefin in ethylene copolymerization catalyzed mainly by zirconium, titanium [1] [2] [3] [4] [5] , and recently also by vanadium compounds [6] [7] [8] [9] [10] . Ethylene-norbornene copolymers (E/NB) constitute usually amorphous and chemically resistant material, which is excellent barrier to water vapor and is characterized by a wide range of glass transition temperatures, from room temperature up to about 220°C. Rigid bicycle monomer units ensure excellent transparency and high refractive index. It is biocompatible and easy processing material. Diversity in incorporation of norbornene units results in diversity of properties [1, 7, 11, 12] . E/NB copolymers are suitable for, e.g., coating of high memory CD and DVD plates, production of lenses, prisms, medical equipment, pharmaceutical foils pack blister type, ampoules, and phials, composite package foil for food, and metalized film capacitor, microtiter plates, or binder resin for toner color printers [1, 11, 13] . Depending on the type of catalyst system applied to copolymerization, various microstructures of E/NB chain can be obtained, which in turn influences macroscopic properties of polymer product. In case of metallocene catalysts, incorporation of norbornene units is not as easy as ethylene [11, 12] . In general, the metallocene catalysts reveal a low tendency to create blocks of norbornene. To obtain alternating copolymer, it is necessary to increase the norbornene incorporation and this occurs at a high ratio of norbornene to ethylene [1, 11] . Norbornene microblocks can be obtained only at high concentration of norbornene in reaction mixture. Structure of ligands in metallocene complexes also influences on the number of norbornene units connected together in the molecular chain (length of comonomer blocks) [11, 12] . Thus, catalyst structure determines copolymer composition, comonomer distribution in polymer chain, like also stereochemistry [11, 14] . For E/NB copolymerization, usually, homogeneous catalysts are applied [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , and less often heterogeneous catalysts are reported [15] [16] [17] . The problem is poor norbornene incorporation, which is possible at low ethylene pressure [16] .
For ethylene/1-olefin copolymerization, both homogeneous and heterogeneous catalysts are applied [17] [18] [19] [20] [21] . The worldwide production of copolymers of ethylene with 1-butene, 1-hexene, 1-octene, or 4-methyl-1-pentene is dominated by ethylene/ 1-octene copolymers which reveal the best mechanical properties as compared to other 1-olefins with even number of carbon atoms [22] . Such copolymers are applied as toughness modifier in ethylene/propylene copolymers [23] as well as in production of pipes and profiles. It should be noted that about 90% of ethylene/1-olefin copolymers are produced using supported Ziegler-Natta catalysts, 10% are produced using metallocene catalysts, most often complexes of metals group 4, mainly zirconium or titanium [24, 25] . Only scarce literature data concerns application of vanadium catalysts for ethylene/1-octene copolymerization. Although the vanadium compounds reveal lower activities as compared to analogous zirconium, titanium, or hafnium, they give better 1-octene incorporation in copolymer chain [26] . In case of heterogeneous catalyst systems for ethylene/1-octene copolymerization, both method of heterogenization and type of solid support have considerable influence on the amount of comonomer units incorporated in polymer chain, which can be increased [27] or decreased [28] .
An interesting method of catalyst heterogenization is SIL (Supported Ionic Liquid). The homogeneous catalyst is placed in thin ionic liquid film, which in turn is anchored on solid porous support (e.g., MgO, SiO 2 , and Al 2 O 3 ) [29] . Thus, the SIL systems combine the advantages of both homogeneous and heterogeneous catalysts while reducing their disadvantages [30] . The SIL systems can be successfully applied for ethylene polymerization [31] [32] [33] . The silica covered by imidiazolium or pyridinium chloroaluminate ionic liquid is applied as support of the zirconium, titanium, or vanadium catalysts. In results, not only the active catalyst systems are obtained, but also polymer of atypical morphology. To date, such SIL systems were not applied to copolymerization.
This work presents the first results of ethylene/norbornene and ethylene/1-octene copolymerizations performed using the SIL systems, in which metallocene and postmetallocene vanadium catalysts are immobilized on pyridinium chloroaluminate ionic liquid supported on silica. The influence of the type of catalyst is discussed. The selected properties of copolymers are described.
Experiment Materials
Ethylene (Linde AG Gaz) and nitrogen (Polgaz, Poland) were dried using sodium metal supported on alumina. Nitrogen was earlier dried over sodium hydroxide and phosphorus pentoxide. Hexane (Avantor, Poland) was purified by concentrated sulphuric acid (VI) 95 wt%, dried by sodium hydroxide and distilled to obtain fraction 65-70°C. The hexane was stored over sodium metal, and shortly before reaction, it was distilled over benzophenone. Toluene (Avantor, Poland) was distilled over sodium metal. Methylene dichloride (Avantor, Poland) was distilled over phosphorus pentoxide. Diethyl ether (Avantor, Poland) was stored over sodium metal. Dichlorobis(g-cyclopentadienyl)vanadium(IV)-Cp 2 VCl 2 (Sigma-Aldrich), diethylaluminum chloride-AlEt 2 Cl (Sigma-Aldrich, 1 M in hexane), silica, particle size 10-20 nm (Sigma-Aldrich), methanol (Avantor, Poland), aluminium chloride-AlCl 3 (Sigma-Aldrich), phosphorus pentoxide-P 2 O 5 (Avantor, Poland), norbornene (Sigma-Aldrich), 1-octene, pyridine, 3-chloropropyltriethoxysilane, and ethyl trichloroacetate-ETA (Sigma-Aldrich) were applied as purchased. Vanadium salen complex, N,N 0 -ethylenebis(5-chlorosalicylideneiminato)vanadium(IV) dichloride-VCl 2 (salenCl 2 ), was obtained and prepared according to the published procedure [28] . Ionic liquid, 1-[3-(triethoxysilyl)propyl]pyridinium chloride, was obtained according to the published procedure [33] .
Instruments
FTIR analyses were accomplished using a Nicole Nexus 2002 FTIR spectrometer from 4000 to 400 cm -1 with a 1 cm -1 resolution. The FTIR analyses of the SIL system samples from each step of the synthesis were investigated in Nujol KBr/KBr. 13 C NMR spectra of the polymers were recorded on a Bruker Ultrashield spectrometer (400 MHz) in o-dichlorobenzene-d 4 solvent. Calculations of total comonomer incorporation [14, 34] are presented in Supplementary Materials. Nitrogen adsorption-desorption isotherms were obtained on a ASAP 2020 (Micromeritics) instrument after out gassing the samples in vacuum at 150°C for 12 h prior to the measurements. The total surface areas were calculated according to the Brunauer-Emmett-Teller (BET) method, and the average pore diameter was calculated following Barrett-Joyner-Halenda (BJH) method. Atomic absorption spectrometry (AAS) using an ICE 3500 model (Thermo Electron Corporation) was used to determine amount of V element. The crystallinity and the melting temperature of the polyethylene samples were estimated with a DSC 2010 TA instruments. The polymer crystallinity degree was calculated using the equation: X = (DH f /DH t,c ) 9 100%, where DH f -enthalpy of fusion of the polyethylene sample, DH t,c -enthalpy of fusion of standard = 290 J g -1 , and X-crystallinity degree, %.
Gel permeation chromatography was used to determine the molecular weight and molecular-weight distribution of the polymer samples on Waters Alliance GPCV 2000 apparatus using 1,2,4-trichlorobenzene as the solvent at 142°C. The data were analyzed using polystyrene calibration curves.
Synthesis of SIL vanadium catalyst
All experimental steps have to be carried out under an inert atmosphere. The commercial silica material of particle size 10-20 mm (3.00 g) was calcined for 4 h at 500°C and stored under argon. The calcination of silica results, according to the Zhuravlev model [35] , in the concentration of isolated and geminal -OH groups on the silica surface in the range of 1.55 and 0.25 OH nm -2 , respectively. The calcined silica was placed in a round bottom flask, and 1-[3(-triethoxysilyl)propyl]pyridinium chloride was added in a molar ratio of 10:1 in dichloromethane (80 mL). The mixture was stirred at reflux for 24 h. Solvent and ethanol produced during reaction were distilled off. The remaining solid was dried under vacuum, then extracted for 24 h with boiling dichloromethane in a Soxhlet apparatus, and dried under vacuum. In results, the silica modified by 1-[3-(triethoxysilyl)propyl]pyridinium chloride was obtained in the form of white powder. Such obtained solid was then added to a solution of AlCl 3 (5.0 9 10 -3 mol) in toluene (50 mL) and left stirring for 2 h at room temperature. After filtration in the Schlenk apparatus, the support was washed with hexane (4.0 9 30 mL), dried under vacuum, extracted for 24 h with boiling dichloromethane in the Soxhlet apparatus, and dried under reduced pressure. The solid was mixed with (2.0 9 10 -3 mol) AlEt 2 Cl in hexane (50 mL) in a ball mill for 2 h. The obtained support was filtered in Schlenk apparatus, washed with hexane (4 9 30 mL), and dried under reduced pressure. In results, the ionic liquid-silica support with alkylaluminium chloride anions was obtained in the form of off-white powder. The prepared support (1.00 g) was mixed with catalyst precursor Cp 2 VCl 2 or VCl 2 (salenCl 2 ) (2.8 9 10
-5 mol V) dissolved in deoxygenated toluene (3 mL) and hexane (50 mL), in a ball mill for 24 h. The obtained catalyst system was filtered in Schlenk apparatus, washed with hexane (4 9 20 mL), and dried under nitrogen stream. The final SIL systems were in the form of slightly green powder.
The amount of ionic liquid is 4.3 9 10 -3 mol per gram, and the SIL system was estimated by elemental analysis for the percentage of nitrogen element. The amount of the Cp 2 VCl 2 and VCl 2 (salenCl 2 ) catalysts immobilized on the SIL support equals 7.1 9 10 -6 and 6.5 9 10 -6 mol V in 1 g of the system, respectively, as determined by atomic absorption spectrometry analysis (AAS) using the transition metal content.
Synthesis of ethylene/norbornene and ethylene/1-octene (co)polymers
The glass reactor 500 mL was filled with nitrogen, and hexane (150 mL), norbornene or 1-octene comonomer (0.05-1.50 mol/L), AlEt 2 Cl (3.0 9 10 -3 mol), ethyl trichloroacetate (ETA) (1.0 9 10 -3 mol), the SIL catalyst system (0.300 g), or non-supported Cp 2 VCl 2 or VCl 2 (salenCl 2 ) catalysts [2.0 9 10 -6 or 2.0 9 10 -5 mol of vanadium as toluene solution (3 mL)], and ethylene was successively added. Reaction was carried out for 10-60 min at 0.5 MPa and 30°C. The reaction was terminated by closure of ethylene feeding, reduction of the pressure to 0.1 MPa, and addition of acidified methanol. The polymer product was filtered, washed by hexane, methanol, and dried at 50°C to constant mass. Such prepared samples were used for further analyses. To ensure reproducibility of the results, each (co)polymerization reaction was repeated.
Leaching experiment for SIL catalytic system was performed in inert atmosphere to glass flask equipped with mechanical stirrer and heating jacket by adding hexane (150 mL), AlEt 2 Cl (3.0 9 10 -3 mol), and the vanadium SIL catalyst system (0.300 g). The mixture was mixed vigorously at 30°C for 30 min. Maintaining inert atmosphere, the solid was filtered and hexane phase was placed into reactor, where it was taken into the ethylene flush at typical polymerization conditions (0.5 MPa, 30°C, 30 min). The solution was transparent, and no polymer product was obtained. The absence of vanadium compounds in the hexane phase was also confirmed by AAS method.
Results and discussion

Characterization of SIL vanadium catalyst
The anchorage of ionic liquid on the silica support was confirmed by Fourier transform infrared (FTIR) spectroscopy (Fig. 1) . The non-modified silica shows characteristic band at 3691 cm -1 (Si-OH stretching vibrations), like also at 1091, and 818 cm -1 (Si-O-Si stretching vibrations). The band at 3691 cm -1 disappears when the silica reacts with 1-[3-(triethoxysilyl)propyl]pyridinium chloride ionic liquid, and further, at the addition of alkylaluminium compounds. The presence of the ionic liquid in the prepared silica supports is also proved by appearance of characteristic bands at 1635, 1583, and 680 cm -1 , assigned to C-N and C-C stretching vibrations as well as out of plane vibrations of the pyridinium ring.
Based on our previous study [33] , the silica material with the narrow, but deep pores was chosen. The Brunauer-Emmett-Teller (BET) analysis shows that for this silica support, introduction of the ionic liquid and further modification by creation of more bulky chloroaluminate anion result in decrease of the surface area from 457 to 67 m 2 /g, like also in decreases of the pore volume from 0.56 cm 3 /g to 0.28 cm SEM images (Fig. 2a, b) confirm that the silica calcined has very regular and spherical shape of single, not agglomerated granules, which become smoother after immobilization of the ionic liquid. Breaking of some granules results in consecutive operation steps (in ball mill). 
Copolymerization of ethylene with norbornene
Ethylene-norbornene copolymerizations were performed using the SIL systems with Cp 2 VCl 2 and VCl 2 (salenCl 2 ) at the initial concentration of norbornene in the range of 0.05-1.5 mol/L ( Table 1 ). The addition of ETA re-activator greatly improves activity. For both SIL systems, increase of NB concentration results in an increase of activity, which reaches maximum at 0.3 and 0.6 mol/L, respectively, for SIL/VCl 2 (salenCl 2 ) and SIL/Cp 2 VCl 2 systems (Table 1 , items 6, 17). For the SIL/ VCl 2 (salenCl 2 ) system, the highest activity in copolymerization is comparable to that for ethylene homopolymerization, whereas for the SIL/Cp 2 VCl 2 system, the highest activity in copolymerization is greater to that for ethylene homopolymerization. Further increase of the NB concentration results in slow decline of the activity (Fig. 3a, b) . Similar behavior was also reported for other catalysts [8, 9] . The observed decrease of the activity is lower for the SIL/Cp 2 VCl 2 system. This may provide for greater stability of metallocene as compared with the postmetallocene analogue, suggesting that ligand expansion around a transition metal in the case of SIL system is not favorable. It means that steric effect exerts greater influence on catalytic activity toward E/NB copolymerization [9] . Figure 4 presents selected 13 C NMR spectra of E/NB copolymers obtained using the studied SIL systems at different NB concentrations in the polymerization feed. Incorporation of norbornene in the polymer chain is confirmed by the presence of characteristic signals at 46.7, 41.2, and 32.4 ppm, assigned, respectively, to the carbon atoms C2/C3, C1/C4, and C7 of the norbornene unit as well as at 29.3-29.8 ppm assigned to C5/C6 and CH 2 sequences [14] . Percentage norbornene incorporated in the polymer chain is in the range of 3.6-35.3 mol%. Incorporation increases almost linearly with increase of the initial NB concentration feed and is 11, 20) . This indicates that NB incorporation is rather independent on the catalyst structure [9] . It should be noted Reaction conditions: catalyst system = 0.300 g, temperature = 30°C, ethylene pressure = 0.5 MPa, time = 30 min., solvent-hexane = 150 mL, activator-AlEt 2 Cl = 3.0 9 10 that the addition of ETA re-activator not only improves activity, but also NB incorporation (Table 1, 
items 4, 5).
For comparison, (co)polymerization was also performed using non-supported homogeneous catalysts, VCl 2 (salenCl 2 ) and Cp 2 VCl 2 , at the same vanadium concentration as well as at tenfold excess as compared to SIL systems (Table 1 , items 21-28). Both in ethylene homopolymerization as well as copolymerization, higher activity shows the SIL systems at comparable catalyst concentration. Increase of the catalyst concentration results in an increase of yield, but a decrease of activity, while the NB incorporation remains on the same level (Table 1, items  23 , 24, 27, 28), as it is also reported in the literature [8, 36] . It should also be noted that the NB incorporation is comparable for all studied catalysts at the same initial concentration.
It is also worth noting that at comparable concentration of norbornene in the copolymerization feed, the studied vanadium SIL catalysts ensure a better NB incorporation than homogeneous metallocene and post-metallocene vanadium catalysts reported in the literature [6] [7] [8] 37] . In case of heterogeneous catalysts, the scarce literature data concern only zirconocene catalysts anchored on organic or inorganic supports and activated by MAO. The NB incorporation varies from 0.2 to 40 mol% [15, 16] . According to Goretzki et al. [16] , heterogeneous zirconocene catalysts on silica support enable incorporation of the NB units only at a very low ethylene concentration (0.025 MPa). Our results show that the SIL systems with silica modified by the ionic liquid allow obtaining the copolymer with the NB incorporation more than 30 mol% at much higher ethylene concentration (0.5 MPa). This is result of the presence of the ionic liquid medium and pseudoheterogeneous SIL system. The catalyst, dissolved in the ionic liquid phase, maintains its homogeneous properties. The ionic liquid, covalently anchored on the solid silica support, makes the whole system heterogeneous.
For the SIL/Cp 2 VCl 2 system, a linear increase of the yield in copolymerization time was observed. For homogeneous catalyst, increase of the yield is observed only up to about 40 min of reaction (Fig. 5a, b ). This confirms a higher stability of the SIL system as compared to the homogeneous analogue.
The microstructure of copolymer chain varies depending on the NB incorporation. As can be seen in Fig. 4a , when NB constitutes less than 7 mol% of the copolymer, only signals assigned to the isolated NB units can be observed (46.7 ppm C2/C3, 41.2 ppm C1/C4, 32.4 ppm C7, and 29.3-29.8 ppm C5/C6) ( Table 1, items 3-5, 13, 14) . Additional signals, assigned to alternating NB units, appear at incorporation 13.8 mol% and higher (Table 1, items 6-8, 16, 17) . The syndiotactic (s) and isotactic (i) structures can be differentiated (Fig. 4b) , based on the signal at 47.4 and 46.9 ppm, respectively. The relative equal intensities of these signals indicate that the copolymer has a random tacticity [38] . At higher NB incorporation, 23.5 and 23.6 mol%, signals from NB diads, appear at 30.2-30.4 ppm (Table 1, items 9, 28) (Fig. 4c) (Fig. 4d) . Appearance of triads and longer microblocks at incorporation higher than 20 mol% is also reported in the literature [3, 11] . Increase of comonomer incorporation decreases the number of isolated NB units, but increases the number of alternating NB units as well as the number of NB diads and triads [10] .
The NB incorporation has considerable influence on copolymer molecular weight (M w ) and molecular-weight distribution (M w /M n ) ( Table 1 ). Narrow and unimodal M w /M n indicates that single type of active centers participates in copolymerization (Table 2 , items 5 and 8); j, k ethylene/1-octene (homogeneous catalyst, 10 and 60 min); X-crystallinity degree (Fig. 1S) . For the studied SIL systems, M w of copolymer is generally lower than that of polyethylene. The VCl 2 (salenCl 2 ) catalyst, both as the SIL and homogeneous system, produces the copolymers with slightly higher M w than the Cp 2 VCl 2 analogue.
A correlation of copolymer M w and microstructure can be seen. At low initial NB concentration, there are isolated NB units in the copolymer chain, which results in typical decrease of M w as compared to polyethylene [7] [8] [9] . Increase of the NB concentration causes appearance of a small alternating, syndiotactic or isotactic copolymer blocks, which results in an increase of molecular weight. Higher initial NB concentration (1.0 and 1.5 mol/L) results in more than 24 mol% NB incorporation. Diads and longer microblocks appear, which correlate with M w decreases and M w /M n broadening ([2.0).
The selected DSC thermograms of E/NB copolymers obtained using SIL/ Cp 2 VCl 2 are presented in Fig. 6 . As can be seen, the copolymer samples reveal single broad melting peaks. In contrast to polyethylene obtained in similar conditions (Fig. 6a) , the copolymers are characterized by lower melting temperature as well as crystallinity degree. With increase of NB incorporation, a decrease of melting temperature and crystallinity values is observed (Fig. 6b, c) . This can be Standard deviation does not exceed 7% for yield, 0.04% for M w and M w /M n , and 1% for T m and X Copolymerization conditions: catalyst system = 0.300 g, temperature = 30°C, ethylene pressure = 0.5 MPa, time = 30 min., solvent-hexane = 150 mL, activator-AlEt 2 Cl = 3.0 9 10 related to incorporation of bulky NB units in the polymer chain, which leads to disorder of molecular structure [13] . The constant ethylene concentration in the copolymerization time, obtained by control of its pressure, and change of the NB concentration caused by its incorporation in the growing polymer influence its composition. DSC thermograms of the copolymers show a decrease of melting temperature and crystallinity degree with reaction time (Fig. 6d, e) . The 13 C NMR spectra show appearance of triads, which were absent at the beginning of polymerization (Fig. 2S) . For copolymer samples obtained using homogeneous catalyst, decrease of melting temperature and crystallinity degree takes place much faster (Fig. 6f, g ). The 13 C NMR spectra show alternating E/NB sequences at the beginning of the copolymerization, but diads and triads can be seen with time (Fig. 3S) .
Morphology of E/NB copolymers also depends on the amount of NB incorporation. SEM images (Fig. 2c, d ) of the copolymer sample with rather low NB incorporation (7 mol%) show that copolymer looses its fibrous feature, characteristic for polyethylene obtained on the same catalyst [32] . In addition, the irregular shape indicates that catalyst replication does not take place. Further increase of NB incorporation makes the copolymer samples transparent.
Copolymerization of ethylene with 1-octene
Ethylene/1-octene copolymerization was performed using the same SIL systems with Cp 2 VCl 2 or VCl 2 (salenCl 2 ) and, for comparison, the non-supported analogues (Table 2 ). In general, activity of the studied catalysts in E/Oct copolymerization is lower as compared to E/NB reaction. At initial 1-octene concentration 0.5 mol/L, a better performance shows the SIL/VCl 2 (salenCl 2 ) system, but at higher comonomer concentration, a better stability shows the SIL/Cp 2 VCl 2 catalyst (Table 2 , items 1, 4 and 2, 7).
Moreover, the activities of the studied SIL catalysts are higher than those for homogeneous analogues, at the same catalyst concentration as well as tenfold increase (Table 2, items 2 , 9,10 and 7, 11, 12) . This also confirms that catalyst concentration does not influence considerable on comonomer incorporation [36] . However, a better incorporation is ensured by the SIL catalysts.
The influence of 1-octene concentration on its incorporation as well as the catalyst activity is shown for more stable SIL/Cp 2 VCl 2 system (Fig. 3c) . As in case of E/NB copolymerization, activity increases with increase of the initial 1-octene concentration, up to maximum at 0.9 mol/L. At higher comonomer concentration, the activity decreases, but decline is lower than for the E/NB copolymerization. 1-Octene incorporation increases linearly with initial concentration, similarly to E/NB copolymers, but it is much lower, in the range of 3.9-6.9 mol%. It should be noted that comonomer incorporation obtained using the studied SIL systems is much higher than in case of E/Oct copolymers produced using typical heterogeneous post-metallocene vanadium catalyst with salen-type ligand anchored on magnesium support, where at comparable 1-octene, concentration in feed incorporation does not exceed 1 mol% [28] .
As in case of E/NB copolymerization, kinetics profile performed using the Cp 2 VCl 2 catalyst confirms higher stability of the SIL system as compared to homogeneous analogue (Fig. 5c, d) .
The 13 C NMR spectrum of E/Oct copolymer ( Fig. 7 ) containing 6.9 mol% comonomer is typical for this copolymer with low 1-octene incorporation [34] . Considering possible microstructure of ethylene (E) and octene (O) units [39] , the signals can be attributed to CH 3 (37. 54 ppm, EOE). As can be seen, the lack of signals from 40 to 42 ppm and 25 ppm indicates that there is no blocks and alternate-type sequence. Therefore, the analyzed E/Oct copolymer contains only the EOE and EEE sequences, thus 1-octene units are isolated by ethylene units in the polymer chains.
The properties of E/Oct copolymer also depend on the comonomer incorporation. The molecular weight of E/Oct copolymers obtained using the SIL systems is lower than the molecular weight of polyethylene as well as the E/NB copolymers. Increase of the 1-octene incorporation decreases molecular weight, but broadens monomodal molecular-weight distribution ( Table 2 , Fig. 1S c,d ). Slightly broader M w /M n as compared to the E/NB copolymers is also known from the literature and can be attributed to character of comonomer [36, 40] . It should be noted that the studied SIL/VCl 2 (salenCl 2 ) catalyst produces copolymer with much narrower M w /M n as compared to the same VCl 2 (salenCl 2 ) catalyst directly anchored on magnesium support, where copolymer M w /M n value was in the range from 35 up to even 70 [28] . This proves that in the presented SIL systems, the solid support does not interact directly with the catalyst, through creation of various active sites, which has influence on the properties of the obtained copolymer. Figure 6h -k shows selected DSC thermograms of copolymers obtained using SIL/Cp 2 VCl 2 . As can be seen, all thermograms show single melting peaks, which broaden with increase of 1-octene incorporation. The melting temperature and crystallinity degree decrease with increase of commoner incorporation (Fig. 6h, i) , and their values are lower in comparison with those for pure polyethylene.
Differences in decrease of the melting temperature and crystallinity degree with copolymerization time (Fig. 6j, k) indicate a composition drift. However, the changes are smaller than in case of E/NB copolymers, which can be attributed to lower incorporation of the 1-octene comonomer. In addition, the 13 C NMR spectra shows that copolymer microstructure is not changed, and only isolated 1-octene units are observed (Fig. 4S ). SEM images (Fig. 2e, f) show that 1-octene incorporation results in irregular copolymer with porous surface.
Conclusions
In the presented study, supported ionic liquid (SIL) catalysts are used for the first time in copolymerization reaction. Two vanadium catalysts, metallocene and postmetallocene, are investigated in copolymerization of ethylene with two most important comonomers, norbornene and 1-octene. The studied SIL catalysts show that comonomer unit can be efficiently incorporated in the growing polymer chain when the catalyst active centers are placed in the ionic liquid medium. The studied SIL catalysts reveal higher activities and better comonomer incorporation than analogous non-supported catalysts. In addition, the applied systems enable a better norbornene and 1-octene incorporation than heterogeneous catalysts described in the literature. Copolymer properties depend on the kind of catalyst as well as the kind and amount of incorporated comonomer. The characteristic feature is narrow molecular-weight distribution, which results from application not only vanadium metal center, but also ionic liquid medium, which provides single active sites. The presented study opens the way for investigation of copolymerization using various types of the SIL catalysts, including different transition metals as well as types of comonomers.
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